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1
PLASMA DENSIFICATION OF DIELECTRICS
FOR IMPROVED DIELECTRIC LOSS
TANGENT

BACKGROUND

Related fields include thin-film microwave devices with
superconducting components.

At temperatures<100 mK, amorphous silicon (a-Si) is a
dielectric. Its low cost and ease of fabrication make it attrac-
tive as an interlayer dielectric (ILD) for superconducting
interconnects and components for planar microwave devices,
but its loss tangent (~10%) is much larger than that of single-
crystal Si(7107) at microwave frequencies (e.g., 3-300 GHz).
The loss tangent is believed to be caused by defects occurring
during deposition.

ILD films are typically tenths of microns thick (e.g., 300-
500 nm). At this thickness, many surface treatments are inef-
fective to remove defects from the bulk of the film. This is also
an inconvenient thickness to form by the precisely controlled
methods of atomic layer deposition (ALD); because each
ALD cycle creates a monolayer on the order of 0.1 nm thick,
a layer hundreds of nm thick would take too long to be
cost-effective.

Hydrogenation has been observed to improve a-Si loss
tangent in some cases. However, only hydrogen (H) that is
strongly bonded to Si helps to reduce loss. H that is trapped in
interstices of the a-Si, or that is weakly attracted to dangling
bond sites of two neighboring Si atoms, can form a two-level
system (TLS) that increases noise and loss. For example,
early studies of Josephson-junction-based qubits for quantum
computing attributed loss and decoherence primarily to extra-
neous TLS effects from defects in dielectrics.

Therefore, a need exists for methods to reduce the micro-
wave-frequency loss tangent of a-Si films by reducing or
eliminating defects in the bulk of micron-scale films as well
as on the surface. Preferably, this method should avoid or
minimize the creation of additional TLS.

SUMMARY

The following summary presents some concepts in a sim-
plified form as an introduction to the detailed description that
follows. It does not necessarily identify key or critical ele-
ments and is not intended to reflect a scope of invention.

In some embodiments, a hydrogenated a-Si layer is depos-
ited by chemical vapor deposition (CVD). During or after the
formation of the layer, ions are injected into the CVD cham-
ber where the layer is/was deposited. In some embodiments,
the ions and the plasma-generating energy are selected to
avoid damaging the layer surface (e.g., argon (Ar) ions from
a~300 W plasma source). The ions transfer energy to the layer
as they contact the layer surface. The added energy dislodges
interstitial or weakly-bonded H atoms, but does not disturb
strongly-bonded H atoms.

As the ions continue to transfer energy to the layer, the
dislodged H atoms move through the a-Si. Some ofthe mobile
H atoms may encounter available strong-bonding sites and be
trapped. Other mobile H atoms may encounter each other,
recombine into H,, and outgas into the chamber ambient. The
result is a denser Si film with fewer defects. In some embodi-
ments, the ion treatment is done in-situ after the a-Si layer is
formed. In some embodiments, the deposition may be paused
periodically (e.g., every after every 3-6 nm of a-Si thickness)
to ion-treat the completed part of the layer.

In some embodiments, the layer is annealed at 500-650 C
for 5-60 min. Like the ion treatment, the annealing increases
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2

mobility of weakly-bonded or interstitial H. In addition, the
annealing drives out H, and may at least partially crystallize
the a-Si, further reducing defects.

BRIEF DESCRIPTION OF DRAWINGS

The accompanying drawings may illustrate examples of
concepts, embodiments, or results. They do not define or limit
the scope of invention. They are not drawn to any absolute or
relative scale. In some cases, identical or similar reference
numbers may be used for identical or similar features in
multiple drawings.

FIGS. 1A and 1B conceptually illustrate interconnects and
interlayer dielectrics.

FIG. 2 conceptually illustrates a layer of hydrogenated a-Si
with defects.

FIG. 3 is a block diagram of an example of a plasma-
equipped CVD chamber.

FIG. 4 conceptually illustrates the effect of ion treatment.

FIG. 5 conceptually illustrates the effect of annealing.

FIG. 6 is a process flowchart for forming a layer of ion-
treated hydrogenated a-Si.

FIG. 7 is a process flowchart for creating an interconnect
structure.

DETAILED DESCRIPTION OF EXAMPLE
EMBODIMENTS

A detailed description of one or more example embodi-
ments is provided below. To avoid unnecessarily obscuring
the description, some technical material known in the related
fields is not described in detail. Semiconductor fabrication
generally requires many other processes before and after
those described; this description omits steps that are irrel-
evant to, or that may be performed independently of, the
described processes.

Unless the text or context clearly dictates otherwise: (1) By
default, singular articles “a,” “an,” and “the” (or the absence
of an article) may encompass plural variations; for example,
“alayer” may mean “one or more layers.” (2) “Or” in a list of
multiple items means that any, all, or any combination of less
than all the items in the list may be used in the invention. (3)
Where a range of values is provided, each intervening value is
encompassed within the invention. (4) “About” or “approxi-
mately” contemplates up to 10% variation. “Substantially”
contemplates up to 5% variation.

“Substrate,” as used herein, may mean any workpiece on
which formation or treatment of material layers is desired.
Substrates may include, without limitation, silicon, germa-
nium, silica, sapphire, zinc oxide, SiC, AIN, GaN, Spinel,
coated silicon, silicon on oxide, silicon carbide on oxide,
glass, gallium nitride, indium nitride and aluminum nitride,
and combinations (or alloys) thereof. The term “substrate” or
“wafer” may be used interchangeably herein. Semiconductor
wafer shapes and sizes can vary and include commonly used
round wafers of 50 mm, 100 mm, 150 mm, 200 mm, 300 mm,
or 450 mm in diameter.

As used herein, a material (e.g. a dielectric material or an
electrode material) will be considered to be “crystalline” if it
exhibits greater than or equal to 25% crystallinity as mea-
sured by a technique such as x-ray diffraction (XRD), and
“amorphous” otherwise. “Interlayer dielectric,” “intermetal-
lization dielectric,” “bulk insulator,” and “fill dielectric” are
used interchangeably herein for an insulating dielectric layer
that fills spaces between conducting interconnects (e.g., wir-
ing layers, vias) or between the devices connected by the
interconnects. Material descriptions such as “conductor,”
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“superconductor,” “semiconductor,” “dielectric,” and “insu-
lator” may vary with temperature for a given material, and
shall be used herein to describe the characteristics of the
materials at the intended operating temperature of the device
in which the materials are used. For example, “forming a
superconducting layer” shall mean “forming a layer of a
material expected to exhibit superconductivity at the intended
operating temperature of the device being fabricated.”

FIGS. 1A and 1B conceptually illustrate interconnects and
interlayer dielectrics. FIG. 1A illustrates multiple layers of
interconnects without showing the ILD, to better visualize the
three-dimensional network of wirings 102a and vias 112A
built up on substrate 101A. Substrate 101A may have other
layers and structures below those shown. Typically, each wir-
ing 102A begins as a blanket conductive layer formed on an
ILD layer. The blanket layer is etched to form the separate
conductive paths, and the resulting wiring is buried in another
ILD layer. Vias 112A may be constructed similarly to wirings
102A, or alternatively they may be constructed by patterning
the ILD; forming openings through the ILD and filling the
openings with conductive material. Longer vias that penetrate
more than one layer may be constructed as multiple segments,
with the length of each segment being the thickness of one
layer. Some formations may involve chemical-mechanical
polishing (CMP) of either an ILD layer or a conductive layer
to expose parts of buried structures. In superconducting
microwave devices, the conductive elements (wirings and
vias) may be Nb or Al.

FIG. 1B is a schematic cutaway view of several intercon-
nectand device layers. Here, the ILD 103 is shown supporting
the structures; heavy dotted lines 113 delineate the separately
formed layers. The illustrated structures include some wir-
ings 102B and vias 112B, and also some components 104
(e.g., transistors, capacitors, switches, resistors, resonators;
in a superconducting device, the components may include
Josephson junctions).

FIG. 2 conceptually illustrates a layer of hydrogenated a-Si
with defects. This illustration is not intended to represent the
hydrogenation level, defect density, or exact structure of any
particular form of a-Si, but merely to introduce the graphic
symbols for the various elements and bonds. The layer may be
hydrogenated by using an H-containing Si CVD precursor
such as silane, disilane or trisilane, or by depositing the Si in
an H-containing ambient, or both. On substrate 201, which
may have underlying layers and structures, the Si atoms 202
and H atoms 203 are randomly arranged in the amorphous
layer. A strongly bonded Si—H pair 204 is represented by
tangential contact of the Si and H. A weakly bonded Si—H
pair 205 is represented by a dotted-line connection. In some
cases, an H atom is weakly bonded to two neighboring Si
atoms with a shared weak bond 206. Optionally, another
element 207 may be present (e.g., from a fluorine (F) surface
passivation treatment).

FIG. 3 is a block diagram of an example of a plasma-
equipped CVD chamber. Inside CVD chamber 300, substrate
301 is held by a substrate holder 310. Substrate holder 310
may be configured with vacuum 312 (for example, a vacuum
chuck to grip the substrate); motion 313 in any direction,
which may include tilt and rotation; a magnetic field source
314; heater or temperature control 315; or sources of AC 316
or DC 317 bias voltage. Chamber 300 also has gas inlets 321,
322, 323, 324 for CVD precursors, buffer gases, and purge
gases. Exhausts 327, 328 may be coupled to vacuum pumps to
remove gases from chamber 300. Some of the inlets may feed
through one or more diffusers or “showerheads” 325, 326. In
some embodiments, remote plasma chamber 330 may gener-
ate reactive species, such as ions, that enter chamber 300
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through input adapter 331. In some embodiments, a direct
plasma may be generated at or near the surface of substrate
301. Measurement system 340 may monitor substrate 301
through measurement ports 342. The measurements from
measurement system 340 may be collected by a monitoring
system 350.

FIG. 4 conceptually illustrates the effect of ion treatment.
Ions 421 (e.g., inert-gas ions) from a remote or direct plasma
impact the surface of the a-Si layer on substrate 401 and
transfer energy to the layer without chemically reacting. The
transferred energy is not sufficient to break apart strongly
bonded Si—H pairs 404 or dislodge heavier elements such as
the F passivant 407, but it is sufficient to mobilize interstitial
H atoms 403 and H atoms that are bonded weakly 405 or
shared 406. Some of the mobilized H atoms may become
situated to bond strongly, such as the H that moved from weak
pair 405 into strong pair 414. Other mobilized H atoms will
bond with each other and leave the layer as H, gas molecules
408. The result is a densified layer in which the strongly-
bonded H atoms remain to passivate defects and the trapped
or weakly bonded H atoms are driven out so they cannot form
extraneous TLS. In some embodiments, the ions may include
Ar ions, the chamber pressure during ion treatment may be
about 0-2 Torr, the flow rate may be about 100-1000 sccm,
and the plasma power may be about 100-350 W, e.g., 300 W.

FIG. 5 conceptually illustrates the effect of annealing. The
anneal temperature may be between about 500 and 650 C,
e.g., 550 C, the anneal duration may be about 5-60 minutes,
and the chamber pressure may be about 20-60 Torr. Like the
ions in FIG. 4, heat 522 mobilizes H atoms that are not
strongly bonded, such as interstitials 503 and those in shared
bonds 506 and other weak bonds 505. Some may encounter a
strong-bonding site 404 and others may combine into H, 508
and outgas. In some embodiments, the anneal may begin to
crystallize the a-Si, forming localized regions of relatively
ordered lattice structure 509. The annealing may also repair
any damage to the surface from the impacts of ions in the ion
treatment of FIG. 4.

FIG. 6 is a process flowchart for forming a layer of ion-
treated hydrogenated a-Si. Substrate preparation 601 may
include a pre-clean, or the patterning or other partial removal
of an underlying layer. Hydrogenated a-Si deposition 602
may include CVD using an H-containing Si CVD precursor
such as silane, disilane, or trisilane. Hydrogen gas or a differ-
ent H-containing gas may be added to the ambient during the
Si deposition.

ITon treatment 603 may include Ar ions from a 100-350 W
plasma at 100-1000 sccm flow rate. Ion treatment 603 may be
performed in the same chamber as hydrogenated a-Si depo-
sition 602. Optionally, a chamber purge 605 may follow ion
treatment 603 to exhaust the H gas, excess ions, and other
gases from the chamber. This purge and other purges
described herein may optionally use an inert purge gas, such
as Ar. Ion treatment 603 may be performed after deposition
completion 604; e.g., after deposition of' a 100-500 nm thick
ILD layer. In some embodiments, repeated ion treatments 603
may be alternated with repeated partial depositions 602; for
example, the deposition may pause after each 3-5 nm of
thickness, the partial layer may be ion-treated 603, then the
deposition 602 may continue. Optionally, an anneal 606 (e.g.,
500-650 C for 5-60 min at 20-60 Torr) may follow the post-
completion ion treatment 603. Anneal 606 may be performed
in the same chamber as hydrogenated a-Si deposition 602.
Anneal 606 may or may not partially crystallize the layer. In
some embodiments, an additional chamber purge 615 may be
performed after anneal 606 and before next process 699.
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FIG. 7 is a process flowchart for creating an interconnect
structure. Substrate preparation 701 may include a pre-clean
or the formation of underlying layers or structures. ILD for-
mation 702 may include a variation of the process of FIG. 6.
Conductive-layer deposition 704 may be, for example, sput-
ter deposition of a metal capable of superconductivity, such as
Nb or Al. Conductive-layer patterning 706 may include etch-
ing the conductive layer to form wirings and/or vias. ILD
formation 712 over the patterned conductive layer may
include a variation of the process of FIG. 6. Removal 716 of
part of the ILD layer, to allow connections to the structures
below it, may include etching of openings or CMP. Steps
704-716 may be repeated to form additional interconnect
levels. In some embodiments, intervening steps such as clean-
ing or annealing may be performed between any of the illus-
trated steps.

On completion 714 of the interconnect structure, one or
more component layers may be added. Component formation
720 may include, for example, formation of superconducting
Josephson junctions. The components may be formed over
exposed (or otherwise accessible) connections to the under-
lying interconnect structure formed in steps 701-714. Option-
ally, one or more wirings and vias may be formed in the
component layer. ILD formation 712 over the component
layer may include a variation of the process of FIG. 6.
Removal 726 of part of the ILD layer, to allow connections to
the structures below it, may include etching of openings or
CMP. Steps 704-716 may be repeated to form additional
interconnect levels. In some embodiments, intervening steps
such as cleaning or annealing may be performed between any
of the illustrated steps.

Although the foregoing examples have been described in
some detail to aid understanding, the invention is not limited
to the details in the description and drawings. The examples
are illustrative, not restrictive. There are many alternative
ways of implementing the invention. Various aspects or com-
ponents of the described embodiments may be used singly or
in any combination. The scope is limited only by the claims,
which encompass numerous alternatives, modifications, and
equivalents.

What is claimed is:
1. A method comprising:
forming a first layer on a substrate in a process chamber by
chemical vapor deposition; and
exposing the first layer to ions in situ in the process cham-
ber;
wherein the first layer comprises amorphous hydroge-
nated silicon;
wherein the first layer has a thickness of between about
3 nm and 5 nm;
wherein the first layer increases in density during the
exposing by removing hydrogen from interstices and
hydrogen at dangling bond sites while retaining
hydrogen having strong bonds to silicon;
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after exposing the first layer to the ions, forming at least a

second layer above the first layer; and

exposing the second layer to ions;

wherein the second layer comprises hydrogenated sili-
con and has a thickness of between about 3 nm and 5
nm;

wherein the second layer is amorphous when formed;

wherein a density of the second layer is higher after the
exposing the second layer than before the exposing
the second layer; and

wherein a combination of an energy of the ions and a
duration of the exposing the first layer and the second
layer is selected based on the thickness of the first
layer and the thickness of the second layer.

2. The method of claim 1, wherein the ions comprise argon
ions.

3. The method of claim 1, wherein the first layer is formed
as an amorphous layer.

4. The method of claim 1, wherein the first layer is formed
from a hydrogen-containing silicon precursor.

5. The method of claim 4, wherein the hydrogen-contain-
ing silicon precursor comprises at least one of silane, disilane,
or trisilane.

6. The method of claim 1, wherein the first layer is formed
from a silicon precursor deposited in a hydrogen-containing
ambient.

7. The method of claim 1, wherein the first layer further
comprises fluorine.

8. The method of claim 7, wherein a concentration of
fluorine in the first layer is substantially unchanged after the
exposing.

9. The method of claim 1, wherein the forming and the
exposing are performed in a single process chamber.

10. The method of claim 1, wherein the first layer is
between about 100 nm and 500 nm thick.

11. The method of claim 1, wherein the first layer is
exposed to the ions at a pressure of less than about 2 Torr.

12. The method of claim 1, wherein the first layer is
exposed to the ions at a flow rate of about 100-1000 sccm.

13. The method of claim 1, further comprising purging the
process chamber after the first layer is exposed to the ions.

14. The method of claim 1, further comprising annealing
the first layer at a temperature between about 500 C and about
600 C after the first layer is exposed to the ions.

15. The method of claim 14, wherein the annealing contin-
ues for between about 5 minutes and about 60 minutes.

16. The method of claim 14, wherein a process chamber
pressure during the annealing is between about 20 Torr and
about 60 Torr.

17. The method of claim 14, wherein the first layer is
partially crystallized after the annealing.

18. The method of claim 14, further comprising purging the
process chamber after the annealing.

19. The method of claim 1, wherein after exposing the first
layer to the ions, sputtering niobium over the first layer.
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